A detailed assessment of the evolution and phylogenetic utility of two genes, ftsZ and wsp, was used to investigate the origin of male-killing Wolbachia, previously isolated from the ladybird Adalia bipunctata and the butterfly Acraea encedon. The analysis included almost all available sequences of B-group Wolbachia and two outgroup taxa and showed that (1) the two gene regions differ in phylogenetic utility, (2) sequence variation is here correlated with phylogenetic information content, (3) both genes show significant rate heterogeneity between lineages, (4) increased substitution rates are associated with homoplasy in the data, (5) wsp sequences of some taxa appear to be subject to positive selection, and (6) only a limited number of clades can be inferred with confidence due to either lack of phylogenetic information or the presence of homoplasy. With respect to the evolution of male-killing, the two genes nevertheless seemed to provide unbiased information. However, they consistently produce contradictory results. Current data therefore do not permit clarification of the origin of this behavior. In addition, A. bipunctata was found to be a host to two recently diverged strains of male-killing Wolbachia that showed increased substitution rates for both genes. Moreover, the wsp gene, which codes for an outer membrane protein, was found to be subject to positive selection in these taxa. These findings were postulated to be the product of high selection pressures due to antagonistic host-symbiont interactions in this ladybird species. In conclusion, our study demonstrates that the results of a detailed phylogenetic analysis, including characterization of the limitations of such an approach, can serve as a valuable basis for an understanding of the evolution of Wolbachia bacteria. Moreover, particular features of gene evolution, such as elevated substitution rates or the presence of positive selection, may provide information about the dynamics of Wolbachia-host associations.
Introduction
The genus Wolbachia constitutes a group of intracellular and maternally inherited bacteria from a large variety of arthropod and some nematode hosts (Werren 1997; Bandi et al. 1998 ). These bacteria have attracted scientific interest due to their ability to manipulate host reproduction, leading to distinct phenotypic effects in the host, such as cytoplasmic incompatibility (Hoffmann and Turelli 1997) , induction of parthenogenesis (Stouthamer 1997) , feminization of genetic males (Rigaud 1997) , and male-killing (Hurst et al. 1999a ). In general, the different Wolbachia-host systems seem to cover the whole spectrum of symbiotic interactions, including mutualism, commensalism, and parasitism (e.g., Werren 1997; Bourtzis et al. 1998; Mercot and Poinsot 1998; Vavre, Girin, and Bouletreau 1999) . These associations therefore represent a valuable source for our general understanding of the dynamics and evolution of symbiosis. In addition to detailed information on the factors which characterize these associations, the utilization of this source requires knowledge of the evolutionary history of different Wolbachia behaviors. This knowledge may be derived from knowledge of the phylogeny of these organisms. Various studies have employed such a comparative approach, using phylogenetic analysis of bacterial DNA sequences such as those of the 16S ribosomal RNA and the ftsZ and wsp genes (e.g., Werren, Zhang, and Guo 1995; Bandi et al. 1998; Bouchon, Rigaud, and Juchault 1998; Zhou, Rousset, and O'Neill 1998; Van Meer, Witteveldt, and Stouthamer 1999) . However, results obtained have shown inconsistencies. Although the data all provide support for four major clades, Wolbachia groups A-D, the phylogenetic relationships within these groups, particularly within groups A and B, have shown differences when different genes have been analyzed. The reliability of the different molecular markers therefore requires assessment.
Various sources of error have been described for phylogenetic analysis of DNA sequences, even in cases in which the data can be assumed to be infinite and character homology can be ascertained. Extremely low or high substitution rates might result in paucity of usable information or high levels of homoplasy, respectively. In both cases, tree reconstruction methods, however sophisticated, are unlikely to uncover the underlying phylogenetic signal (e.g., Wägele 1996; Yang 1998a). Furthermore, systematic errors are introduced if the assumed substitution model of the tree reconstruction method is not consistent with the evolutionary dynamics of the analyzed sequences. This can be avoided through characterization of the factors that shape the evolution of the studied sequences and subsequent incorporation of this information into substitution models. For instance, consideration of the presence and extent of substitution rate heterogeneity across sites can significantly improve the outcome of phylogenetic analysis (Yang 1996) . However, it is not always possible to accommodate the various factors in the available tree reconstruction methods. Base composition and synonymous codon usage biases between evolutionary lineages produce hierarchical structure in the data which is unrelated to phylogeny and might thus be positively misleading during tree reconstruction (e.g., Lockhart et al. 1994; He and Haymer 1995; Foster and Hickey 1999) . Consideration of among-site and between-lineage variation of selectional constraints as defined by nonsynonymous/synonymous substitution (d N /d S ) ratios can significantly increase the maximum likelihood of a given tree topology, indicating their importance in phylogenetic analysis (Yang 1998b ). In addition, substitution rate heterogeneity between lineages, although taken into account in most tree reconstruction methods, may still lead to ''long branch attraction'' (Felsenstein 1978; Hendy and Penny 1989) . These examples illustrate the dilemma of molecular systematics: the evolutionary dynamics of the studied sequences are likely to affect the results of phylogenetic analyses regardless of the method used. It is thus reasonable to conclude that it is the utility of the molecular marker to meet the assumptions of the available tree reconstruction methods which ascertains unambiguous inference of the phylogeny of the studied organisms.
Our study, therefore, focuses on a detailed exploration of the evolution of two genes, ftsZ and wsp, and their utility for phylogenetic analysis of Wolbachia bacteria. We give special consideration to the origin of male-killing Wolbachia which have recently been isolated from a beetle, Adalia bipunctata (Coccinellidae), and a butterfly, Acraea encedon (Nymphalidae). Phylogenetic analysis of ftsZ and wsp sequences indicated that these taxa belong to different evolutionary lineages within the B-group Wolbachia clade. However, monophyly of these genes could not be rejected with absolute certainty (Hurst et al. 1999a) . Using an extended data set for both genes, we here reconsider this problem. First, a detailed assessment of the phylogenetic utility of the two genes is attempted via characterization of phylogenetic information content and signal consistency and of the evolution of the genes with special reference to putatively inference-biasing factors. Second, phylogenetic tree reconstruction is performed in consideration of this information. Third, monophyly of male-killing is specifically tested with the method of Kishino and Hasegawa (1989) (the KH test) . Finally, the results obtained are discussed with respect to the utility of these genes for the inference of the evolution of Wolbachia.
Materials and Methods
Almost all available and unique ftsZ and wsp sequences of B-group Wolbachia and two outgroup taxa of different A-group lineages were included in the analysis (table 1) . DNA sequences were aligned by eye, taking into account the coding structure of the genes. Two regions of the wsp gene could not be aligned with confidence (alignment positions 217-255 and 523-585), even when translated amino acid sequences were considered. As positional homology of the aligned nucleotides is essential for correct phylogeny reconstruction (e.g., Cerchio and Tucker 1998), these ambiguous positions were excluded from subsequent analyses. The complete sequence alignments have been deposited in the EMBL alignment database under accession numbers DS38176 and DS40027.
Assessment of phylogenetic utility was mainly concerned with a characterization of differences between taxa. The first part involved analysis of the extent and consistency of hierarchical structure in the data as a measure of phylogenetic information content and signal consistency. This was studied via the phenomenological analysis of split-supporting positions (PASSP) as described in Wägele (1996) , Wägele and Rödding (1998), and Schulenburg, Englisch, and Wägele (1999) , using a preliminary version of the program PHYSID (available from J. W. Wägele, e-mail: johann.w.waegele@rz.ruhruni-bochum.de). This method relies on one of the basic concepts of phylogenetic systematics sensu Hennig (1966) , which predicts that members of a monophylum exclusively share a number of identical nucleotide states due to identity by descent. Three categories of character state distributions in support of a putative monophylum can be discerned. Symmetrical split-supporting positions are defined to show two different nucleotide states at a given alignment position, one for the functional ingroup and a different one for the corresponding outgroup. Asymmetrical split-supporting positions bear one nucleotide state in the functional ingroup and at least two in the corresponding outgroup which all differ from that of the functional ingroup. ''Noisy'' asymmetrical split-supporting positions are additionally allowed to show a defined degree of analogies between ingroup and outgroup. An analysis of such character state distributions along the sequence alignment consequently allows identification of putatively monophyletic groups without any further transformation of the data. It needs to be emphasized that this method cannot replace phylogenetic tree estimation based on the reconstruction of the dynamics of sequence evolution. However, it does permit characterization of simple character state distributions regardless of assumptions about the evolution of the studied sequences.
For our analysis, the numbers of split-supporting positions were calculated for both groups of a particular split and subsequently set against each other, resulting in a spectrum of split-supporting positions. The permitted level of analogies for noisy positions was set at 25% per alignment position and taxon for both groups of a particular split. The group indicated by a larger number of supporting positions was considered the functional ingroup. Phylogenetic information content was then assessed from the number of supported groups and the extent to which these groups were supported. Phylogenetic signal consistency was indicated by the compatibility of the supported clades. In addition, an analysis of split compatibility was used to identify noisy se- (Hurst et al. 1999a) were renamed Y and Z, respectively, to avoid confusion with nomenclature for Wolbachia subgroups.
quences. Each supported group was compared with all other identified clades. For all pairwise comparisons which were incompatible, we identified the minimum number of taxa which had to be excluded from one of the clades to restore compatibility. Following the parsimony criterion, sequences of these taxa were assumed to represent a source of homoplasy in the data.
The second part of the phylogenetic utility assessment consisted of a characterization of evolutionary processes which may produce hierarchical structure in the data unrelated to organismal phylogeny and may thus bias tree estimation. In particular, evidence of substitution rate heterogeneity between lineages was sought, and the presence of selectional constraints was tested, as identified by base composition, synonymous codon usage, and d N /d S ratio biases among sequences.
The presence of rate heterogeneity between evolutionary lineages was analyzed using the two-cluster test as implemented in the program LINTRE (Takezaki, Rzhetsky, and Nei 1995) and a likelihood ratio test as suggested by Felsenstein (1981) , and Yang, Goldman, and Friday (1995) . For the two-cluster test, neighborjoining tree reconstruction and statistical analysis were performed assuming the substitution model of Tamura and Nei (1993) with rate heterogeneity across sites. The ␣ shape parameter of rate heterogeneity across sites used was estimated with the program PUZZLE, version 4.0 (Strimmer and von Haeseler 1996) . For the second approach, PUZZLE was employed to estimate trees with and without the assumption of a molecular clock using the HKY85 substitution model (Hasegawa, Kishino, and Yano 1985) and consideration of eight across-site rate heterogeneity categories. Likelihood scores for these trees were subsequently compared with the likelihood ratio test. If the likelihood of the clocklike tree was significantly worse, the minimum number of taxa which had to be excluded from the data to obtain insignificant likelihood differences was determined. For this test, we specifically excluded taxa with comparatively long branch lengths in the inferred maximum-likelihood (ML) tree to identify sequences which may evolve with increased rates.
Homogeneity of base composition was tested with a standard 2 test. Analysis was performed on complete sets and subsets of the data. The latter included averaged values for each well-supported clade (bootstrap values Ն50) of the later inferred ML trees to take account of a possible phylogenetic bias inherent in the complete data sets. Synonymous codon usage bias was calculated with the program MEA (Moriyama 1998) using the effective number of codons (ENC) (Wright 1990) , which has been shown to produce less biased results than alternative methods (e.g., Comeron and Aguade 1998) . As ENC values are correlated with the GC content at silent third codon positions, deviations in the usage of synonymous codons between taxa were visualized via the Phylogenetic Analysis of Wolbachia Gene Sequences 587
Nc-plot as suggested by Wright (1990) . d N /d S ratios were inferred for all pairwise comparisons with the method of Nei and Gojobori (1986) (the NG method) using the program MEGA (Kumar, Tamura, and Nei 1993) . Alignment gaps were excluded in pairwise comparisons only. Variation in d N /d S ratios (particularly if it included sequences under diversifying selection; d N /d S ratios Ͼ1) were here considered to represent a putative source of hierarchical structure in the data which may confound phylogenetic analysis.
In the final part of the phylogenetic utility assessment, the presence of variation across sites was analyzed for a selected number of factors. We specifically looked at phylogenetic information content in comparison to the distribution of nucleotide variation. As the true phylogeny of B-group Wolbachia included in our study must be considered unknown, it is not possible to determine which alignment positions contain unbiased or misleading phylogenetic information. We therefore employed PASSP to identify those positions which exclusively supported the partition between A-and B-group Wolbachia and the splits that were compatible with all other indicated partitions. The distribution of such putatively informative positions then served to test whether distinct and consistent phylogenetic information was restricted to particular regions within the genes or evenly present throughout the whole sequence alignments. Under the assumption of no bias across sites, the distribution of putatively informative positions should be correlated with that of the variable sites, because only variable positions contribute to the hierarchical structure of the data and thus directly provide phylogenetic information. Hence, the number of putatively informative and variable positions was calculated along the genes using a sliding-window approach. Correlation probabilities between the respective distributions were then estimated from nonoverlapping windows, which can be assumed to be mutually independent, by applying the z* transformation for dealing with small sample size (n Ͻ 50; Sokal and Rohlf 1995, chapter 15) . Values for overlapping windows (shifted by one position at a time) served to graphically illustrate the resulting profiles.
In addition, as the wsp gene codes for an outer membrane protein of which some sites may be directly involved in symbiont-host interactions (see below), differences in d N and d S rates were assessed along wsp sequences to test whether specific regions evolve under positive selection. Rate variation was estimated with the NG method, as before, and a sliding-window following the procedures used by Alvarez-Valin, Jabbari, and Bernardi (1998). As rates calculated from significantly fewer than 30 codons may be unreliable due to high stochastic errors, and as the wsp sequence alignment contained sequences with continuous gaps of up to five codons, averaged d N and d S rates were obtained for all pairwise comparisons using a window size of 90 bp. Each comparison thus always included at least 25, and in almost all cases exactly 30, codons. Such a strategy only produces values for less than six independent (ϭnonoverlapping) windows because wsp sequences comprise a maximum of only 171 codons. We therefore did not attempt to calculate correlation probabilities, but instead obtained profiles from overlapping windows (shifted by one codon at a time) for a graphical illustration of rate variation across sites.
The aligned sequences were subsequently subjected to phylogenetic analysis using the program PAUP*, versions 4.0.0d55 and 4.0b1, written by D. L. Swofford. Tree estimation was attempted with the ML method. For both data sets, overall base frequencies are not equal and substitution rates vary across sites (see Results). In addition, a preliminary ML analysis with the program PUZZLE indicated that the transition/transversion (ts/tv) ratio is clearly different from 1. For ML estimation, we therefore employed the HKY85 model or the general time reversible (GTR) model (e.g., Lanave et al. 1984) with consideration of gamma-distributed rate heterogeneity across sites (⌫) and, in addition, a proportion of invariable positions (⌫ϩI). In each case, all model parameters were estimated from the data using a starting tree topology which had previously been inferred with unweighted maximum parsimony (U-MP). These parameter estimates and the starting tree topology were then employed for a heuristic search based on branchswapping by nearest-neighbor interchanges (NNIs) and tree bisection and reconnection (TBR). In addition, for phylogeny reconstruction, we employed U-MP to assess the effects of gaps, which cannot be taken into account during ML analysis. Two extremes were compared for which each gap at a particular alignment position was treated as either missing data or a fifth base. U-MP was performed using a heuristic search based on the NNI branch-swapping algorithm. Robustness of the resulting tree topologies was assessed via nonparametric bootstrapping (Felsenstein 1985) using the same settings as above and 100 and 1,000 replicates for ML and U-MP analyses, respectively.
Monophyly of male-killing Wolbachia was specifically tested via the KH test (Kishino and Hasegawa 1989) as implemented in PAUP*. For both data sets, we used ML, as outlined above, to estimate trees with the topological constraint of monophyletic male-killing Wolbachia. The KH test was thereafter employed to compare the likelihood scores obtained with those of the optimal ML trees. For the wsp gene only, the same strategy was used to test the monophyly of the Wolbachia from A. encedon and Aedes albopictus, which was well supported by ftsZ sequences (see below).
Results and Discussion General
The ftsZ data set consists of 26 sequences and 969 alignment positions, of which 183 show variability (18.89%). Between 94 and 108 nucleotide differences are found in pairwise comparisons between B-group Wolbachia and the outgroup (10.08%-11.15%), whereas 1-57 positions differ within the B group (0.11%-6.03%). Twenty-eight sequences are included in the wsp sequence alignment, which contains 515 positions, with 231 of these being variable (44.85%). Here, nucleotide differences are observed at 72-108 positions between B-group and outgroup taxa (13.98%-20.97%) and at 1-109 positions within the B group (0.19%-21.17%). The wsp gene thus shows about twice as much variability as the ftsZ gene. In addition, maximum ftsZ sequence divergence within the B-group Wolbachia clade is much lower than that between the B-group and the two outgroup taxa. In contrast, these values are approximately equal for the wsp gene, indicating substitutional saturation between A-and B-group wsp sequences.
Phylogenetic Information Content and Signal Consistency
Twelve putatively monophyletic groups are indicated by at least four split-supporting positions for the ftsZ data set ( fig. 1A ). One group is identified by a much larger number of positions than all other groups (about 10% of the alignment positions) and separates Wolbachia taxa of the A and B groups (split 1). Only three groups are supported by more than 1% of the alignment positions (splits 1-3). In addition, splits 2, 9, and 12 show compatibility with all other indicated clades. The three best supported partitions (splits 1, 2, and 3) are compatible with each other and with splits 4, 7, 9, and 12 ( fig. 1A and table 2 ). An analysis of the compatibility between supported groups indicates that ftsZ sequences of some Wolbachia represent putative sources of homoplasy. In particular, that of Gryllus pennsylvanicus FV has to be excluded most often from pairwise comparisons to restore compatibility. Phylogenetic signal inconsistency is additionally associated with Wolbachia from Aramigus tesselatus, A. bipunctata, Gryllus integer, Trichogramma sp., and the two A-group taxa (table  2) .
In comparison to the ftsZ data set, wsp sequences support a larger number of clades ( fig. 1B ). In total, 22 partitions are identified by at least four split-supporting positions (0.78% of the alignment positions). Eight of these are supported by more than 1% of the alignment sites (splits 1-7 and 14). The largest number of splitsupporting positions are found for the two A-group Wolbachia and thus indicates the partition which separates taxa of Wolbachia groups A and B (split 1), in agreement with results inferred from ftsZ sequences. In addition, the wsp data set supports seven splits which are compatible with all other identified clades (splits 2-4, 11, 14, 15, and 19). The largest set of groups which are intercompatible additionally includes splits 1, 6, 7, 10, and 21. Incompatibility between clades can most often be reversed by exclusion of wsp sequences of the two Wolbachia from Armadillidium vulgare. Other putative sources of phylogenetic signal inconsistency are the sequences of the A-group Wolbachia, those of Apoanagyrus diversicornis, Encarsia formosa, and possibly those of Porcellio scaber, Oniscus asellus, and Trichogramma sp. (table 3) .
For both data sets, the outgroup is indicated by a larger number of positions than the B-group Wolbachia (split 1 for both data sets), although support for both should be the same. This is likely to be due to the fact that the B-group Wolbachia clade contains a much larger number of taxa than the outgroup, such that independent substitutions in the various included B-group lineages have masked the original signal for this clade. This effect might be particularly pronounced for the wsp data set, for which sequence divergence among B-group taxa is high. However, both data sets also support groups which include outgroup taxa and various B-group Wolbachia (split 4 for the ftsZ gene; splits 8, 12, and 18 for the wsp data set). Although these two observations taken together suggest that A-group Wolbachia have originated within the B-group clade, phylogenetic analysis of 16S rDNA or ftsZ sequences of a larger variety of taxa uniformly show A-and B-group Wolbachia to represent monophyletic sister groups (Bandi et al. 1998; unpublished data) . The outgroup and some B-group taxa are thus likely to share homoplasious character states, as already indicated from the analysis of incompatible splits. Such homoplasies could result from analogous character state evolution in the respective lineages or represent ancestral states which have been exclusively retained in the taxa of the indicated clade. In the latter case, plesiomorphies could have been lost once or multiple times in the remaining taxa of the B group, indicating that these taxa are either monophyletic or polyphyletic, respectively. Such alternatives may be discerned in consideration of the results of phylogenetic tree reconstruction.
In conclusion, the analysis of split-supporting positions in the two gene regions suggests that the general level of sequence variation is correlated with the level of phylogenetic information content, as wsp sequences provide a higher proportion of support for a larger number of splits than the ftsZ gene. For both data sets, phylogenetic signal inconsistency is associated with roughly the same number of taxa.
Substitution Rate Heterogeneity Between Lineages
For the ftsZ gene, two clades are identified by the two-cluster test to show a significantly increased substitution rate. The first consists of Wolbachia from Trichogramma sp. (P Ͻ 0.01), while the second also includes that from A. vulgare (P Ͻ 0.05). As the tree topology, inferred with the distance-based method in LINTRE, shows differences from the later-estimated ML tree, the two-cluster test was repeated, using the ML topology. A significantly increased substitution rate is here indicated for three clusters, as illustrated in figure 4A . The likelihood ratio test confirms that ftsZ sequences do not evolve with a uniform substitution rate because the tree estimated with the assumption of a molecular clock produces a significantly smaller likelihood (2⌬l ϭ 79.16, P ϭ24 Ͻ 0.01). Trees calculated with or without the molecular-clock assumption produce no significant differences if any of the following three sets of taxa are excluded: Wolbachia from G. pennsylvanicus FV, G. integer, and Trichogramma sp. a Split numbers are identical to those given in figure 1A . b Minimum number of taxa which need to be excluded from one of the pairwise compared splits to restore compatibility. c The Wolbachia of the different Trichogramma species were considered as one entity, as their sequences share a high degree of similarity. For the wsp data set, the two-cluster test was again performed twice, using the distance-based and the laterinferred ML tree topologies. Increased substitution rates are consistently identified for the following seven lineages: the Wolbachia from E. formosa; from P. scaber; from the isopod species (A. vulgare PW, O. asellus, P. scaber); from the isopod species and Drosophila mauritiana, A. albopictus, and Culex pipiens; from A. bipunctata; from Trichogramma deion (1); and from Trichogramma sp. (fig. 4B ). Other clades are indicated for only one of the topologies, and these clades always include some of the above-mentioned taxa. Differences in the results here correlate with differences between the two tree topologies. However, not all lineages within these clades are likely to evolve with an elevated substitution rate, as is apparent from branch lengths in the ML tree ( fig. 4B ). The outcome of the two-cluster test thus seems to be biased by lineages with unusually high substitution rates, such that clades which include both lineages with unusually high rates and lineages with normal or decreased rates may still be identified to evolve with significantly increased substitution rates. Such a bias may also have been produced for the ftsZ data set, for which sequences of the symbionts from Tribolium confusum or A. vulgare are associated with comparatively short branches but are in each case indicated in combination with those from Trichogramma sp. to show elevated substitution rates (see above and fig. 4A ).
The likelihood ratio test provides additional evidence for wsp substitution rate heterogeneity between lineages, as the likelihood of the clocklike tree is significantly worse (2⌬l ϭ 128.02, P ϭ26 Ͻ 0.01). The following minimum number of taxa have to be excluded from the data set to obtain likelihood scores that are no Phylogenetic Analysis of Wolbachia Gene Sequences 591 FIG. 2.-Nc plot of synonymous codon usage bias for ftsZ (triangles) and wsp (diamonds) sequences. The X-axis indicates GC content at silent third codon positions, and the Y-axis indicates ENC values. ENC values were calculated as outlined in Wright (1990) with the program MEA (Moriyama 1998) . The continuous curve represents the relationship between ENC and GC content at silent third codon positions under no selectional constraints (Wright 1990). longer significantly different between trees estimated with or without the molecular clock: Wolbachia from A. bipunctata, P. scaber, Trichogramma sp., and A. diversicornis (2⌬l ϭ 20.48, P ϭ16 ϭ 0.199). Moreover, if the Wolbachia from E. formosa or A. vulgare are excluded instead of that from A. diversicornis, then the trees are still significantly different at the 5% level (2⌬l ϭ 30.19, P ϭ16 ϭ 0.017; and 2⌬l ϭ 29.04, P ϭ15 ϭ 0.016, respectively) ( fig. 4B) .
In spite of some differences in the results obtained, the two methods clearly indicate that both genes show significant substitution rate heterogeneity between lineages, with some of them being consistently identified in all tests to be subject to accelerated substitution rates. In this context, it is interesting to note that for both genes, all B-group Wolbachia sequences that represent putative sources of homoplasy are also found to show increased substitution rates (tables 2 and 3 and fig. 4 ). This suggests that increased substitution rates in particular lineages have given rise to homoplasy.
Presence of Selectional Constraints
DNA sequences of B-group Wolbachia show little variation in overall base composition for the ftsZ (32.9%-34.2% A, 13.7%-15.4% C, 23.8%-25.6% G, 25.5%-28.3% T) and the wsp gene (27.0%-30.6% A, 13.1%-16.1% C, 21.1%-23.5% G, 32.1%-35.2% T). Base composition heterogeneity is not significant for these genes, either if complete data sets are considered or if subsets of the data are analyzed which include averaged values for the well-supported clades of the laterinferred ML trees (results not shown). Synonymous codon usage bias is more variable between taxa for the wsp gene than for the ftsZ gene. In particular, wsp sequences of the symbionts from A. encedon and Laodelphax striatellus produce comparatively small ENC values (37.81 and 37.72, respectively), whereas the ENC value for P. scaber is comparatively high (50.45). Nevertheless, both genes show variation in synonymous codon usage which is close to a distribution of no selectional constraints ( fig. 2) . In addition, all inferred ENC values are higher than those observed for strongly selected genes in previous studies (e.g., Wright 1990; Moriyama and Powell 1997). Heterogeneity in base composition or synonymous codon usage between lineages therefore represents an unlikely source of hierarchical structure in the two data sets.
Almost all d N /d S ratios for pairwise-compared ftsZ sequences were less than 0.4 (322 out of 325 comparisons). Only the comparison between the two Wolbachia strains from T. confusum produced a d N /d S ratio of infinity. As these two sequences only differ at one nonsynonymous position, the estimated d N /d S ratio is likely to be unreliable. FtsZ sequences consequently do not seem to be subject to positive selection or variation of selectional constraints. (table  4) . It must therefore remain uncertain whether a larger number of cases are subject to positive selection or some of the indicated comparisons produce d N /d S ratios which are not significantly greater than 1, respectively. The results nevertheless show that wsp sequences are generally subject to variation in selectional constraints between lineages, with some of them possibly being under positive selection.
Variation Across Sites
For a selected number of factors, we assessed the distribution of variation across sites. In particular, an estimate of phylogenetic information along the two genes was obtained via identification of the alignment positions which exclusively provide distinct support for the partition between A-and B-group Wolbachia (split 1 for both data sets; fig. 1 ) and the splits that were compatible with all other indicated partitions (splits 2, 9, and 12 and 2-4, 11, 14, 15, and 19 for the ftsZ and wsp genes, respectively; fig. 1 ). The distribution of these positions was compared with nucleotide variation across sites. The results obtained show the numbers of both variable and putatively informative positions to vary along ftsZ and wsp sequences ( fig. 3A and B) . Both distributions were significantly correlated in the two genes, irrespective of whether the analysis was based on all (P Ͻ 0.01 for both data sets), only first and second (P Ͻ 0.01 for both data sets), or only third codon positions (P Ͻ 0.01 for the ftsZ gene and 0.01 Ͻ P Ͻ 0.05 for the wsp gene). Therefore, phylogenetic information content appears to represent a direct function of nucleotide variation across sites and should thus be considered unbiased.
It is nevertheless interesting to note that the wsp gene contains three highly variable regions, of which only a comparatively small proportion of sites bear distinct phylogenetic information. Intriguingly, variation in these regions is primarily contained in first and second codon positions, suggesting that it is associated with positive selection. For two of these regions, this is confirmed by an analysis of d N and d S rate variation across wsp sequences. In these cases, average d N values inferred from all pairwise comparisons were either clearly higher or almost as high as those obtained for d S (fig.  3C ). Similar results were produced if the analysis included only data from B-group Wolbachia (results not shown) or for those comparisons which generated d N /d S ratios Ͼ1 for complete wsp sequences ( fig. 3D ). In the latter case, d N rates, in fact, exceeded d S rates throughout almost the entire length of the wsp gene. However, differences between these rates were clearly most pronounced in the two specific regions. In conclusion, two wsp gene regions generally appear to be subject to a bias in selectional constraints across Wolbachia taxa. Such constraints may cause analogous character state evolution. Although phylogenetic information across sites is, in general, indicated to be unbiased, these two regions can therefore not be excluded to provide a higher proportion of misleading information.
Tree Estimation
Phylogenetic utility assessment indicated that the two genes differed with respect to their overall information content. In addition, they both showed substitution rate heterogeneity between lineages, with increased rates being, in most cases, associated with the presence of homoplasy in the data. Complete wsp sequences (as present in the alignment used for phylogenetic analysis) also seemed to be subject to positive selection between some Wolbachia. As the presence of increased substitution rates or positive selection may bias phylogenetic tree reconstruction, affected lineages should be excluded to maximize reliability of results. However, this would apply to a rather large number of taxa, including the male-killing Wolbachia of A. bipunctata, whose origin and evolution is to be investigated. Phylogenetic trees were thus estimated from all sequences included, and the reliability of the position of ''problematic'' taxa was assessed a posteriori. Finally, two regions within the wsp gene appeared to be positively selected across lineages. As they may contain a higher proportion of biased phylogenetic information, tree estimation was repeated on wsp sequences excluding these regions (positions 70-117 and 331-384 of the alignment used for phylogenetic analysis, corresponding to positions 70-117 and 370-423 of the original alignment submitted to the EMBL database).
Phylogenetic inference is primarily based on the ML method, which has been shown to produce consistent results across a relatively broad range of conditions (e.g., Swofford et al. 1996) . For each of the data sets, identical tree topologies are obtained with the different substitution models. The more complex models generally produce higher likelihood scores (table 5; results shown only for the complete data sets). Consideration of a proportion of invariable positions, in addition to gamma-distributed rate heterogeneity across sites, significantly improves likelihood estimates inferred from the ftsZ gene (HKY85ϩ⌫ϩI vs. HKY85ϩ⌫; GTRϩ⌫ϩI vs. GTRϩ⌫; see also insignificant difference between GTRϩ⌫ and HKY85ϩ⌫ϩI). The GTRϩ⌫ϩI model seemed to provide the most realistic representation of the evolutionary dynamics inherent in ftsZ sequences, as the likelihoods for all other models were significantly worse. For both wsp data sets, consideration of invariable sites did not result in significantly increased likelihood scores (HKY85ϩ⌫ϩI vs. HKY85ϩ⌫ and GTRϩ⌫ϩI vs. GTRϩ⌫). Here, the data appeared to be best described by the GTRϩ⌫ model, for which the like- (table 4) . Putatively informative positions refer to alignment sites which exclusively support the split between ingroup and outgroup (split 1 for both data sets) and the partitions which are all-compatible (splits 2, 4, and 9 and 2-4, 11, 14, 15, and 19 for the ftsZ and wsp genes, respectively; fig. 1 ). Profiles in A and B are calculated from overlapping windows of 60 and 30 bp for the ftsZ and wsp genes, respectively. Average d N and d S rates are estimated from pairwise comparisons with Nei and Gojobori's (1986) method using MEGA (Kumar, Tamura, and Nei 1993) 4 (Continued) replicates, are given above branches. For the wsp gene, values before and after slashes were obtained from complete and reduced data sets (excluding the two positively selected regions), respectively. Arrows point to the clades with increased substitution rates as identified by the two-cluster test (Takezaki, Rzhetsky, and Nei 1995) . Arrows in bold type and in arrows in normal type refer to the 1% and 5% significance levels, respectively. Stars indicate taxa which were shown to have elevated substitution rates by the method based on the likelihood ratio test. One and two stars refer to those taxa which had to be excluded from the data set to obtain likelihood differences between trees estimated with or without the assumption of a molecular clock that were no longer significant at the 5% and 1% levels, respectively. If different sets of a minimum number of taxa could be excluded, then stars for those taxa which were not included in all different sets are given in parentheses. NOTE.-Substitution models used included the HKY85 (Hasegawa, Kishino, and Yano 1985) or GTR model (e.g., Lanave et al. 1984 ) with consideration of gamma-distributed rate heterogeneity across sites (⌫) and, in addition, a proportion of invariable positions (⌫ ϩ I). Maximum-likelihood estimation on either ftsZ or complete wsp sequences was performed with PAUP*, versions 4.0b1 and 4.0.0d55, written by David L. Swofford. a Ln likelihood. b Twice the likelihood difference between models (rows versus columns); the probability P of obtaining 2⌬l under the hypothesis of no difference between models is calculated assuming a 2 distribution (e.g., Yang, Goldman, and Friday 1995). lihood inferred was significantly higher than those of the simpler models but not significantly lower than that of GTRϩ⌫ϩI. The importance of invariable sites for reconstruction of ftsZ but not wsp gene evolution is likely to be due to the former bearing a smaller proportion of positions that are variable. The GTRϩ⌫ϩI and GTRϩ⌫ models were therefore used for detailed ML analysis on ftsZ and wsp sequences, respectively. It is worth noting that simpler models, such as HKY85ϩ⌫, produced identical topologies, the same number of clades supported by high bootstrap values, and the same results when hypotheses were assessed with the KH test. Consistency in the results generated with the different substitution models thus indicated that the phylogenetic signal, as detectable with the ML method, was rather robust in the data sets.
In detail, ML analysis of ftsZ sequences always produced three optimal tree topologies with identical likelihood scores. These trees only differed with respect to the relationships between symbionts from Trichogramma brevicapillum, Trichogramma cordubensis, and T. deion (1). In addition, ML-based bootstrapping provided support for 10 clades (bootstrap values Ն50), and the inferred topologies also included six lineages which were indicated by split-supporting positions ( fig. 4A) . Consideration of indels, as assessed with U-MP, resulted in one major difference in tree topology. If alignment gaps were treated as missing data, then the Wolbachia from A. tesselatus was represented as the sister taxon to all other B-group Wolbachia (bootstrap support of 56; results not shown). This partition is also indicated by PASSP (split 5, fig. 1A ). However, if single gaps were given a weight of one (gaps ϭ fifth base), then the tree showed G. pennsylvanicus FV as the sister taxon to all other B-group Wolbachia, in agreement with the results of ML and PASSP (figs. 1A and 4A).
Moreover, monophyly of all B-group Wolbachia excluding those from A. bipunctata, T. confusum, and Gryllus sp. is indicated. This clade, which uniquely shares a 9-bp deletion, was not inferred using ML, although it was indirectly indicated by split-supporting positions. Here, the corresponding outgroup was supported by six positions, all within the 9-bp indel region (split 4, fig. 1A ). Note that for PASSP, alignment gaps are not considered ''positive'' character states. These six positions thus referred to alignment sites for which the Wolbachia of the A group, A. bipunctata, T. confusum, (1ϩ2) and Gryllus sp., bore identical nucleotide states, including a defined degree of ''noise,'' whereas the remaining B-group Wolbachia all showed alignment gaps. Scarcity and positional conservation of deletions in the ftsZ gene suggests that those gaps at particular alignment positions are homologous and should therefore represent valid character states for phylogenetic analysis (Werren, Zhang, and Guo 1995; Bandi et al. 1998) . It needs to be reiterated, though, that this particular clade not only is exclusively defined through the presence of the 9-bp deletion, but is also incompatible with other supported groups (table 2 and figs. 1A and 4A). The correct tree topology at this level can therefore only be inferred if it is known whether the 9-bp deletion or the nucleotide substitutions which support alternative clades are more likely to have a single origin. This is difficult to assess, as the likelihood of deletions and nucleotide substitutions cannot be directly compared using a simple model of sequence evolution. In addition, common ancestry of the 9-bp deletion is not supported by phylogenetic analysis of the wsp gene ( fig. 4B ). The exact phylogenetic relationships at this level should therefore currently be considered unresolved.
In conclusion, phylogenetic tree estimation confirms the results of PASSP. The ftsZ gene generally does not provide high resolution of the phylogeny of B-group Wolbachia. However, some clades are consistently identified by split-supporting positions and tree reconstruction methods (bootstrap support of Ն50). These include the Wolbachia from Trichogramma sp.; from Nasonia giraulti, Nasonia longicornis, and Protocalliphora sp.; and from A. albopictus and A. encedon (figs. 1A and 4A) . Unambiguous phylogenetic information therefore seems to be conserved for at least some closely related taxa.
The wsp gene generally proved to be more informative than ftsZ sequences. Results are identical for the two wsp data sets, although exclusion of the positively selected regions generally led to lower bootstrap support of the inferred clades ( fig. 4B ). Therefore, these two specific regions did not appear to bear a higher proportion of misleading information. In both cases, ML analysis generated 15 optimal tree topologies. Differences between topologies only refer to the relationships between the different Trichogramma species, excluding T. deion (1). Consideration of indels did not affect tree reconstruction (results not shown). The inferred phylogenetic trees thus contained 11 clades which were indicated by PASSP, including almost all well-supported splits (figs. 1B and 4B). Seventeen clades were also supported by high bootstrap values. Little support (bootstrap values Ͻ50) was found for those parts of the trees characterized by short branch-lengths, indicating a lack of phylogenetic information. In addition, bootstrap analysis suggested that the relationships of the major B-group Wolbachia lineages cannot be resolved with absolute certainty, although they were related to each other along branches of considerable length in the optimal ML trees. The data should therefore generally contain sufficient information at this level. However, phylogenetic signal inconsistency was already indicated here by PASSP. Four of the major B-group lineages in the ML trees were identified by split-supporting positions (splits 3, 6, 7, and 10). Their relationships to each other was indirectly indicated via support for the respective outgroups (splits 8, 12, and 18). These splits were supported by about the same number of positions but were incompatible with each other (table 3) . This suggests, first, that the original signal for a subordinate B-group Wolbachia clade has been masked, whereas that for the corresponding outgroup has been conserved, and, second, that the more derived major B-group Wolbachia clades additionally bear analogies with the outgroup.
In this context, it is interesting to note that previous analyses of wsp sequences which included a smaller number of B-group Wolbachia indicated different relationships of the major B-group lineages and of those clades with short branches in the ML tree of figure 3B regardless of the tree reconstruction method used (Zhou, Rousset, and O'Neill 1998; Hurst et al. 1999a; Van Meer, Witteveldt, and Stouthamer 1999; unpublished data) . These differences in tree topology generally support our observation that wsp sequences do not contain sufficient unambiguous information at these levels. In fact, the different branching order of the major B-group Wolbachia lineages in some of these studies is most likely to be due to ''long-branch attraction,'' as clades with long branches are shown to cluster together. This is not the case with the extended data set used in our study. The addition of taxa therefore seems to improve phylogenetic resolution. However, the ''long-branch problem'' may not have been resolved in all cases. For instance, the symbionts from G. pennsylvanicus FV or A. bipunctata were inferred from ftsZ and wsp sequences, respectively, to represent the most basal lineages of well-supported clades (fig. 4) . The inferred phylogenetic positions of these taxa, which both show increased substitution rates in the respective genes, could thus be a consequence of long-branch attraction to the respective outgroups. In these cases, the results of phylogenetic tree reconstruction must be considered to be ambiguous.
Finally, complete wsp sequences produced d N /d S ratios Ͼ1 between closely related taxa with the exception of two comparisons which included symbionts from A. diversicornis, Torymus bedeguaris, and T. confusum (table 4 and fig. 4B ). Values greater than 1 indicate diversifying selection along the evolutionary lineage connecting the respective taxa. Convergent character state evolution due to positive selection is not expected between such taxa, although analogies might arise to unaffected organisms. Positive selection on wsp sequence evolution is thus unlikely to have a major effect on phylogenetic tree reconstruction in those cases in which d N / d S ratios Ͼ1 are produced between closely related organisms. However, it may produce biased results for the symbionts of A. diversicornis, T. bedeguaris, or T. confusum. Note that for these taxa, exact inference of phylogenetic relationships may also be hampered by either lack of sufficient information (T. bedeguaris, T. confusum) or increased substitution rates (A. diversicornis) (see above).
Origin and Evolution of Male-Killing Wolbachia
Although ftsZ sequences generally did not provide high resolution of the relationships of B-group Wolbachia, the inferred phylogenetic trees consistently showed the male-killing Wolbachia to belong to different lineages. In particular, the male-killer of A. encedon was found to form a monophyletic group with the symbiont of A. albopictus by tree reconstruction methods and split-supporting positions (figs. 1A and 4A). Their ftsZ sequences showed 1 nucleotide difference, whereas those of the male-killing Wolbachia from A. encedon and A. bipunctata differed at 22 positions and with respect to the presence of the 9-bp deletion. For the wsp data set, the male-killers of A. bipunctata and A. encedon seemed to belong to different lineages, although within the same clade. In contrast to the ftsZ gene, wsp sequences of the Wolbachia from A. encedon and A. albopictus fell into distantly related clades ( fig. 4B ). They showed 67 nucleotide differences, whereas those of the symbionts from A. encedon and A. bipunctata varied at 44-47 positions.
As the two data sets apparently produced incongruent results, we specifically tested monophyly of male-killing Wolbachia using the KH test (Kishino and Hasegawa 1989) . For the ftsZ gene, the tree topology which considered male-killer monophyly was significantly worse than the optimal ML tree. This was not the case for the wsp gene. Moreover, the wsp data set clearly rejected monophyly of the Wolbachia from A. encedon and A. albopictus, which is supported by ftsZ sequences (table 6) . Such consistently identified discrepancies between the two genes may be a consequence of one of the following factors:
1. The phylogenetic positions of the symbionts from A. encedon, A. bipunctata, or A. albopictus have not been correctly inferred due to increased substitution rates in at least one of the genes. This may be the case for the male-killers of A. bipunctata. However, increased substitution rates have not been indicated for the Wolbachia from either A. encedon or A. albopictus and thus cannot explain the differences between genes regarding monophyly of these two taxa.
2. ftsZ and wsp sequences have not been isolated for the same, but for distantly related symbiont strains from at least one of the above-mentioned host species.
3. Double infections with distantly related symbionts in a single specimen of one of these hosts could have resulted in the exchange of genetic material between strains through recombination.
In the latter two cases, ftsZ and wsp sequences isolated from the same host or even the same symbiont may have different phylogenetic origins. At least for the male-killing symbionts, hypothesis 2 can be excluded, as their sequences have been isolated from the same host specimens. Sequencing of independent clones in each case has not revealed the presence of more than one symbiont strain per host specimen (Hurst et al. 1999a; unpublished data) . This cannot be excluded for most of the other taxa, including A. albopictus. It is also interesting to note that double infections of host species have been recorded for a variety of arthropods, including A. bipunctata and A. albopictus (e.g., Werren, Zhang, and Guo 1995; Hurst et al. 1999a) . However, the different strains of any of these hosts are either very closely related or belong to different Wolbachia subgroups (AϩB), whereas distantly related taxa of the same subgroup must be expected if the above-described hypotheses are to explain the observed inconsistencies.
Although current data are thus insufficient for a clarification of the origin of the male-killing behavior within the genus Wolbachia, they nevertheless provide insights into the evolution of the male-killing Wolbachia from A. bipunctata. These are found to bear identical ftsZ but different wsp sequences (Hurst et al. 1999a ). Adalia bipunctata is therefore host to two different strains of male-killing Wolbachia which diverged recently, as they are only indicated by the faster-evolving wsp gene. Interestingly, divergence of strains concurs with diversification of wsp sequences in response to positive selection, as indicated by the unusually high d N /d S ratio of 4.297. Both genes, moreover, show increased substitution rates.
We here propose that these observations have a biological meaning. The phenomenon of male-killing entails an evolutionary conflict of ''interest'' between symbiont and host. As male-killing bears a cost for the host organism, selection should favor suppressers of the male-killing behavior and/or resistance against the infection in general. This, in turn, is expected to produce a response from the symbiont, subsequently resulting in an evolutionary arms race between symbiont and host (Hurst, Atlan, and Bengtsson 1996; Hurst, Hurst, and Majerus 1997) . Selection pressures involved in such a scenario should be particularly pronounced in A. bipunctata, which is host to at least four different malekilling bacteria, including the two Wolbachia strains, which all coinhabit the Moscow population (Hurst et al. 1999a (Hurst et al. , 1999b unpublished data) . Increased substitution rates may therefore reflect a generally elevated rate of evolution in these organisms in response to antagonistic symbiont-host interactions. In addition, positive selection on the wsp gene, which codes for an outer membrane protein , suggests that the WSP protein plays an important role in symbiont-host interactions, in accordance with previous findings about the function of positively selected membrane proteins of parasites and viruses (Endo, Ikeo, and Gojobori 1996) .
Consequences for Investigations of the Evolution of Wolbachia
Molecular phylogenies currently represent the primary source of information about the evolution of Wolbachia bacteria. They have been employed to study host-symbiont associations, the origin of symbiont behavior, and symbiont divergence dates (e.g., Werren, Zhang, and Guo 1995; Bandi et al. 1998; Bouchon, Rigaud, and Juchault 1998; Schilthuizen and Stouthamer 1998; Van Meer, Witteveldt, and Stouthamer 1999) . Such analyses crucially depend on the validity of the inferred phylogeny. The results of our study demonstrate that two of the available Wolbachia gene regions show different qualities as to their utility for phylogenetic reconstruction. In particular, lack of phylogenetic information content, or the presence of homoplasies due to substitution rate heterogeneity between lineages, confounds phylogenetic analysis of ftsZ and wsp sequences at different phylogenetic levels. Phylogenetic utility of the only other previously analyzed Wolbachia gene, 16S rDNA, is expected to show similar restrictions. It bears less variation than the genes considered here (Bandi et al. 1998; Bouchon, Rigaud, and Juchault 1998) and must thus be assumed to be less informative. Therefore, the phylogenetic relationships of Wolbachia bacteria can currently be inferred with confidence only for a limited number of clades. In addition, the presence of significant substitution rate heterogeneity between lineages in both ftsZ and wsp gene sequences forbids reliable estimation of divergence dates and also limits the applicability of a simple sequence-based classification system such as that proposed for the wsp gene (Zhou, Rousset, and O'Neill 1998) .
In spite of such restrictions, the available information does allow specific hypotheses about the evolution of these organisms to be tested. For instance, our results consistently indicate at least two independent transitions to the parthenogenesis-inducing behavior within B-group Wolbachia. In addition, ''colonization'' of the different Trichogramma species or of the isopod hosts is shown in each case to have a common origin. Moreover, horizontal transfer is confirmed as a mode of symbiont transmission, at least for those cases in which Wolbachia from distantly related insect hosts are consistently found to belong to the same well-supported clade (see also Stouthamer 1997; Werren 1997) . More detailed insights into the evolution of Wolbachia may be obtained in the future by the addition of taxa to ''break up'' long branches and an analysis of fasterevolving DNA regions to resolve the relationships of taxa for which current data lack sufficient phylogenetic information. In addition, for a reliable reconstruction of Wolbachia phylogenies, it is also important to evaluate whether and how often recombination contributed to symbiont genome evolution and may therefore confound phylogenetic inferences.
Finally, the above-hypothesized causes of elevated substitution rates and selectional constraints in the Wolbachia from A. bipunctata should also apply to other taxa. Accelerated substitution rates may thus serve as a means to test for the persistence of antagonistic hostsymbiont interactions. In addition, the presence of positive selection on the evolution of complete wsp sequences, as indicated between some taxa by d N /d S ratios Ͼ1, suggests a possible role of the respective surface proteins in the symbiont's interaction with the host. In this context, it is worth reiterating that two specific regions within the wsp gene appear to be subject to positive selection across all symbionts. This may indicate that WSP proteins are generally involved in Wolbachiahost interactions and, in particular, that these two regions represent the primary location of such interactions. d N / d S ratios Ͼ1 are then only found for complete sequences in those cases in which selectional constraints are very strong, e.g., in response to a pronounced antagonism in symbiont-host relationships, as here suggested for A. bipunctata. In fact, such an antagonism should be associated with transitions to a sex ratio biasing behavior, as the distortion of a 1:1 sex ratio is assumed to produce conflict between the causative agent and host (Hurst, Atlan, and Bengtsson 1996) . Interestingly, a general increase in the substitution rate of wsp sequences is almost exclusively found in such bacteria, e.g., the Wolbachia of A. bipunctata (male-killing), A. vulgare (feminization), A. diversicornis, E. formosa, and Trichogramma sp. (all parthenogenesis induction). However, such observations are not entirely consistent between Wolbachia genes. Moreover, although d N /d S ratios Ͼ1 for complete wsp sequences are observed between some of the sex ratio distorters, they are also inferred from comparisons which include cytoplasmic incompatibility-inducing bacteria (e.g., Wolbachia from Cadra cautella, L. striatellus, and T. confusum). Assessment of the origin of increased substitution rates or the presence of positive selection thus requires further testing, using sequence data from a larger variety of taxa and more detailed information on the exact nature of symbiont-host interactions at both the phenotypic and the molecular levels.
